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Gold nanoparticles (AuNPs) have been self-assembled onto electrochemically deposited polyani-
line (PANI) films on indium-tin-oxide (ITO) coated glass plates to fabricate glucose biosensor. The
covalent immobilization of glucose oxidase (GOx) in the near vicinity of gold nanoparticles has
been obtained using N-ethyl-N′-(3-dimethylaminopropyl) carbodiimide (EDC)/N-hydroxysuccinimide
(NHS), chemistry between amino groups of PANI and COOH groups of GOx. These
AuNPs-PANI/ITO and GOx/AuNPs-PANI/ITO composite films have been characterized using Fourier
transform infra red (FTIR) and cyclic voltammtery (CV) techniques, respectively. The fast electron
transfer from the modified PANI surface to electrode has been indicating by the observed increase in
amperometric response current of these GOx/AuNPs-PANI/ITO bioelectrodes. These GOx/AuNPs-
PANI/ITO bioelectrodes exhibit response time of 10 s, linearity from 50 to 300 mg/dl and show value
of apparent Michaelis-Menten constant (K appm ) of 2.2 mM.
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1. INTRODUCTION
Biosensors have recently attracted much attention because
of their potential applications in clinical diagnostics, envi-
ronmental monitoring, pharmaceuticals and food process-
ing industries.1–3 For efficient operation of a biosensor,
fast electron transfer between an electrode and a redox
enzyme is very important. The chemical modification
of enzymes with redox relay groups or the immobiliza-
tion of enzymes in redox active polymers4–6 has been
used to establish electrical communication between desired
enzyme and electrode. However, unfavorable orientation of
enzymes on an electrode surface or the adsorption of impu-
rities onto a matrix results in sluggish electron transfer.7
Efforts are being made to enhance electron transfer from
enzyme’s active site to the electrode surface via use of
mediators. In this context, use of a low molecular weight
(soluble) mediator results in poor shelf life of biosens-
ing electrode as it has the tendency to leach out and get
diffused into the bulk solution.8 The leaching of medi-
ator may lead to significant signal loss and affect the
stability of the desired biosensor. Hence, search for new
materials and methods for immobilizing given enzymes is
∗Author to whom correspondence should be addressed.
presently an important subject to obtain stable biosensing
electrodes.910
A variety of matrices have been used for immobiliza-
tion of an enzyme to improve its activity and stability9–15
Nanoparticles, due to their unique physical and chemi-
cal properties, have emerged as promising materials and
have been shown to play important roles in a wide
range of areas such as electronics, catalysis, biomodel-
ing, biolabeling, sensing, photonics and optoelectronics
etc.16–18 Among the various nanomaterials, gold nanopar-
ticles (AuNPs), exhibiting excellent catalytic and electron
transfer properties, have been extensively used for modi-
fication of various electrodes and fabrication of different
kinds of electrochemical biosensors.19 For electrode mod-
ification, AuNPs have been introduced in a desired matrix
by different methods including covalent binding onto thiol-
terminated self assembled monolayers,20 utilizing amino
group interaction with gold nanoaparticles,21 or by encap-
sulation into a porous sol–gel network.22 It is known that
colloidal gold nanoparticles are non-toxic to a biological
system and provide biocompatible environment for protein
stabilization.19 And AuNPs adjacent to redox active centre
of enzymes are found to act as an efficient nano-collector
of electrons at desired electrodes.19
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Hybrid polymer–nanoparticles systems are known to
possess interesting electrical, optical and magnetic prop-
erties compared to those of the parent polymer and
nanoparticles.23 Metal nanoparticles dispersed in poly-
meric matrices may result in increased stability, improved
processability and enhanced catalytic properties.24–26
Among various conducting polymers, polyaniline (PANI)
has been widely investigated due to its unique conduction
mechanism and high environmental stability.27 The com-
posite of AuNPs-PANI exhibits both charge transfer effect
and charge transfer induced conductance switching suit-
able for memory device.28 However, composite of AuNPs-
PANI system for biosensing has not yet much investigated.
In the present manuscript we report the prepara-
tion and characterization of GOx/AuNPs-PANI composite
deposited onto indium tin oxide coated glass substrate for
estimation of glucose.
2. MATERIALS AND METHODS
2.1. Chemicals and Reagents
Hydrogen tetrachloroaurate (III) (HAuCl43H2O), N-
hydroxysuccinimide (NHS), N-ethyl-N’-(3-dimethyl-
aminopropyl) carbodiimide (EDC), glucose oxidase
(200 units/mg (U/mg)) and aniline monomer were pur-
chased from Sigma (Aldrich). All chemicals were used
without further purification. Deionized water was used for
the preparation of aqueous solutions.
2.2. Preparation of Gold Nanoparticles (AuNPs)
Gold nanoparticles (AuNPs) solution was prepared using
citrate reduction method.29 All glassware used was thor-
oughly rinsed with water and was dried prior to being
used. A 20 ml aqueous solution of 1 mM HAuCl4 was
brought to the boiling condition with stirring in a round
bottomed flask fitted with a reflux condenser after which
38.8 mM trisodium citrate solution was added rapidly to
the solution. The solution was boiled for another 15 min,
during which its color changed from pale yellow to deep
red. The solution was cooled to room temperature with
continuous stirring. The AuNPs concentration estimated
using Beer’s law (extinction coefficient ∼108 M−1cm−1 at
520 nm) was found to be ∼24 nM. The particle size of
AuNPs determined by Transmission Electron Microscopy
(TEM) was found to be in the range ∼10–15 nm (Fig. 1).
2.3. Solution Preparation
The solution of glucose oxidase (200 U/ml) was freshly
prepared in phosphate buffer (50 mM) pH 7.0. The stock
solution of D-glucose was prepared in Milli Q water and
stored at 4 C. This stock solution was further diluted to
prepare different concentrations of glucose solution.
Fig. 1. TEM image of citrate capped gold nanoparticles.
2.4. Fabrication of GOx/AuNPs-PANI/ITO
Bioelectrodes
The ITO glass plates were pre-cleaned with acetone,
ethanol, and with copious amount of de-ionized water and
were immersed into a solution of H2O2: NH4OH:H2O,
1:1:5 (v/v) for about 30 min at 80 C. These ITO
glass plates were rinsed thoroughly with de-ionized
water and dried in nitrogen atmosphere prior to electro-
polymerization of aniline (0.1 M aniline solution in 1 N
HCl). The electrochemical synthesis of polyaniline (PANI)
film was carried out in a three-electrodes cell compris-
ing of platinum (Pt) foil as a counter electrode, Ag/AgCl
as a reference electrode and ITO coated glass plate as
the working electrode by chrono-potentiometric technique
using current of 200 A for about 600 s. These PANI/ITO
electrodes were dipped into the solution of ∼24 nM of
gold nanoparticles (AuNPs) overnight for self-assembly of
AuNPs in PANI film. The –NH+– groups of PANI matrix
were utilized for strong electrostatic interaction with gold
nanoparticles and –NH2 groups for covalent immobiliza-
tion of enzyme. The enzyme (glucose oxidase; GOx) was
covalently immobilized onto AuNPs/PANI/ITO composite
film using EDC/NHS chemistry.30 The prepared enzyme
modified electrode (GOx/AuNPs-PANI/ITO) was washed
thoroughly with phosphate buffer (50 mM, pH 7.0) con-
taining 0.9% NaCl to remove any unbound enzymes and
was stored at 4 C when not in use. Scheme 1 shows
various steps relating to the fabrication of GOx/AuNPs-
PANI/ITO bioelectrodes.
2.5. Characterization
The FTIR spectra of AuNPs-PANI/ITO electrode and
GOx/AuNPs-PANI/ITO bioelectrode were recorded using
2 J. Nanosci. Nanotechnol. 8, 1–6, 2008
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Scheme 1. Schematic of the fabrication of the GOx/AuNPs-PANI/ITO bioelectrode.
a Perkin-Elmer (Spectrum BXII) spectrometer to check
binding of gold nanoparticles and enzyme with PANI/ITO
film, respectively. The enzyme activity measurements on
AuNPs-PANI/ITO films were carried out using Linear
Sweep Voltametry (LSV). The cyclic voltammetric (CV)
and LSV studies were conducted an Autolab Poten-
tiostat/Galvanostat (Eco Chemie, Netherlands) using a
three-electrodes cell with Ag/AgCl electrode as a reference
electrode and Pt foil as a counter electrode in a 10 ml of
phosphate buffer saline (PBS) solution (50 mM, pH 7.0,
0.9% NaCl) with the scan rate of 0.05 V/s.
3. RESULTS AND DISCUSSION
3.1. Fourier Transform Infra Red (FTIR)
Spectroscopy Studies
Figure 2 shows the FTIR spectra obtained for PANI/ITO
(Curve a), AuNPs-PANI/ITO (Curve b) and GOx/AuNPs-
PANI/ITO (Curve c) films, respectively. The presence of
a sharp and intense band at 3186 cm−1 and 3434 cm−1
is due to –NH stretching vibration. The incorporation of
gold nanoparticles results in change in the shape and
frequencies of the bands in this region, indicating that
amino groups are involved in the attachment of AuNPs
with PANI film. The shift in the peak of C-N+ from
1247 (curve a) to 1259 (curve b) cm−1 is attributed to
the attachment of AuNPs to the backbone of polyaniline.
The appearance of intense and sharp absorption bands at
1640 cm−1 in the FTIR spectra of GOx/AuNPs-PANI/ITO
is attributed to the formation of amide bond after immo-
bilization of GOx on the AuNPs-PANI/ITO electrode
(Fig. 2(c)). The band in 1200–1300 cm−1 region is
assigned to the combination of N-H bending and C-N
stretching. The 463 cm−1 peak seen in the IR spectra of
AuNPs-PANI/ITO electrode and GOx/AuNPs-PANI/ITO
bioelectrode may be assigned to the formation of
composite indicating incorporation of gold nanoparticles
in the polymer matrix.
4000 3500 3000 2500 2000 1500 1000 500
b
c
a
2927
12
90
12
59
12
47
1615
1627
1640
800
800
800
3186
3434
3434
3434
463
463
Tr
an
sm
itt
an
ce
 (%
)
Wavenumber (cm–1)
Fig. 2. FTIR spectra of (a) PANI film, (b) AuNPs-PANI, (c) GOx/
AuNPs-PANI film on ITO surface.
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Table I. Characteristics of different glucose biosensors based on GOx enzyme immobilized on various nanomaterials based electrodes.
S.No. Immobilization Matrix Method of Immobilization Detection range(mM) Km(mM) Shelf life Reference
1 Titania sol–gel membrane Entrapment 0.07–15 6.38 80 days 31
2 Silica nanoparticles Covalent Upto 8 32
3 Polypyrrole/corbon nanotubes Entrapment Upto 4 33
4 Chitosan/AuNPs Covalent 5.0x10−2–3 34
5 Au NP/CPE Electrostatic 0.04–0.28 35
6 ZrO2/chitosan film Entrapment 0.125–9.5 3.45 30 days 36
7 Magnetite nanoparticles Covalent Upto 20 6.8 90 days 37
8 PANI/AuNPs/ITO Covalent 2.7–16 2.2 11 weeks Present work
3.2. Cyclic Voltammetric Studies
Figure 3 shows the cyclic voltammogrammes obtained for
PANI/ITO (Curve a), PANI-AuNPs/ITO (Curve b) and
GOx/AuNPs-PANI/ITO (Curve c) electrodes, respectively
with scan rate of 0.05 V/s in PBS buffer (pH 7.0). In the
cyclic voltammogram of PANI/ITO electrode (Fig. 3(a))
the observed oxidation peak at 0.17 V peak corresponds
to the oxidation of PANI and arises due to polaron forma-
tion. The broadness in this peak indicating slow transfer
of electrons may perhaps be attributed either to the amor-
phous behaviour of PANI or to the diffusion of generated
electrons into the polyaniline matrix. In the cyclic voltam-
mogramme of AuNPs-PANI/ITO electrode (Fig. 3(b)), the
oxidation current increases and the peak becomes sharper
at the higher oxidation potential. The sharpness of oxi-
dation peak suggests reduction in the diffusion of gen-
erated electrons and enhanced electron transfer from the
surface to the PANI-AuNPs/ITO electrode. The formation
of AuNPs-PANI composite has been known to result in
fast charge transfer effect and the charge transfer induced
conductance switching due to partial transfer of electron
clouds at the conjugate C N bond to gold nanoparticles
via ionic interactions between negatively charged citrate
capped gold nanoparticles and positively charged species
of PANI.28 The observed shift in oxidation peak poten-
tial in the present studies is attributed to such transfer
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Fig. 3. Cyclic voltammogrammes for (a) PANI/ITO film, (b) AuNPs-
PANI/ITO electrode, (c) GOx/AuNPs-PANI/ITO bioelectrode.
of electron cloud from PANI to gold nanoparticles and
require higher energy to remove an electron from the
PANI film to form polarons. The cyclic voltammogramme
(Fig. 3(c)) of GOx/AuNPs-PANI/ITO electrode shows
decrease in the oxidation peak current compared to that
of the AuNPs-PANI/ITO electrode and is attributed to the
non-conducting nature of enzymes. The observed changes
in the behaviour of oxidation peaks for the PANI/ITO,
AuNPs-PANI/ITO and GOx/AuNPs-PANI/ITO electrodes
indicate attachment of AuNPs with PANI and immobiliza-
tion of GOx enzyme onto the composite.
3.3. Enzyme (GOx) Activity Studies
Linear Sweep Voltametry (LSV) in PBS (50 mM, pH 7.0,
NaCl 0.9%) in the range of 0.1 to 0.8 V with scan rate
of 0.05 V/s has been used to investigate the enzymatic
(GOx) activity. The observed current around ∼0.5 V due
to the oxidation of H2O2 generated as a result of enzyme
substrate reaction (Eq. (1) and (2)) in LSV scan has been
monitored and is plotted (Fig 4(a)). The magnitude of
the current is found to increase with increase in the glu-
cose concentration (Fig. 4(a)). Figure 4(a) shows the vari-
ation in current measured at a fixed voltage of 0.5 V as
a function of glucose concentration (50–300 mg/dl). The
response time of the glucose biosensing electrode is found
to be relatively fast (∼10 s) and is attributed to faster elec-
tron communication in the AuNPs-PANI/ITO electrode.
Glucose+O2
GOx/PANI/AuNPs/ITO−−−−−−−−−−−−→ Gluconic acid+H2O2
(1)
H2O2
Electrochemical oxidation−−−−−−−−−−−−−−→ 2H++O2+2e− (2)
The results of triplicate sets indicated by error bars
reveal the reproducibility of the GOx/AuNPs-PANI/ITO
bioelectrode. To reveal the affinity of enzyme for
its substrate, enzyme substrate kinetics parameter i.e.,
Michaelis-Menten constant (Km) for the GOx/AuNPs-
PANI/ITO bioelectrode has been estimated by Hanes plot
(Fig. 4(b)). The value of the apparent Km for enzyme
GOx/AuNPs-PANI/ITO bioelectrode is found to be rel-
atively lower (2.2 mM (39.64 mg/dl)) than reported by
other researchers (Table 1), indicating high affinity of
4 J. Nanosci. Nanotechnol. 8, 1–6, 2008
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Fig. 4. (a) Current response of GOx/AuNPs-PANI/ITO bioelectrode as
a function of glucose concentration, (b) Hanes plot of GOx/AuNPs-
PANI/ITO bioelectrode as a function of glucose concentration.
GOx/AuNPs-PANI/ITO bioelectrode for its substrate (glu-
cose). Surface morphology and nature of immobilization
matrix play important role in enhancing the activity of
enzyme which in turn reflects favorable conformational
change in enzyme’s active site after immobilization. The
observed higher affinity with enhanced activity of GOx on
AuNPs-PANI/ITO electrode suggests efficient GOx load-
ing and favorable conformational change of GOx enzyme
provided by the microenvironment of AuNPs polyaniline
composite films.
3.4. Effect of pH and Interferents on
GOx/AuNPs-PANI/ITO Bioelectrode
To find the working range of pH for GOx/AuNPs-
PANI/ITO bioelectrode, GOx modified electrode has been
investigated in the pH range of 6.0–8.0 at 30 C. The
behaviour of GOx/AuNPs-PANI/ITO bioelectrode at vari-
ous pH (data not shown) indicates that the GOx/AuNPs-
PANI/ITO bioelectrode is most active near pH 6.5.
Effect of interferents such as ascorbic acid (0.05 mM),
uric acid (0.1 mM), lactic acid (0.5 mM), sodium pyruvate
(5 mM) and urea (1 mM) on glucose measurement has
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Fig. 5. Shelf life of GOx/AuNPs-PANI/ITO bioelectrode with time.
been studied by mixing interferents respectively with
glucose (50 mg/dl) in 1:1 ratio and monitoring the peak
at 0.5 V in the CV spectra under similar conditions as
used for samples without interferents. The results suggest
that presence of urea and sodium pyruvate do not exhibit
any interference whereas lactic acid shows ∼5% of inter-
ference effect. The GOx/AuNPs-PANI/ITO bioelectrode is
found to be susceptible towards the presence of ascorbic
acid and uric acid with interference of more than 15%.
3.5. Shelf Life of GOx/AuNPs-PANI/ITO Bioelectrode
To investigate the stability of enzyme GOx/AuNPs-
PANI/ITO bioelectrode, CV experiments have been carried
out at regular interval of a week for about 11 weeks with
the glucose concentration of 50 mg/dl and temperature
of 30 C. Figure 5 shows the stability in terms of cur-
rent indicating that GOx/AuNPs-PANI/ITO bioelectrode
retains more than 85% of the GOx activity even after 11
weeks. The excellent stability and shelf life of enzyme can
be attributed to the self-assembled gold nanoparticles on
PANI film providing the desired biocompatible environ-
ment to the immobilized enzyme (GOx).
4. CONCLUSIONS
It has been shown that the matrix formed by self organiza-
tion of gold nanoparticle on electrochemically polymerized
polyaniline film onto indium-tin-oxide glass can be uti-
lized to fabricate glucose biosensor. For self organization
of AuNPs on PANI film electrostatic interaction between
amine group of PANI and gold nanoparticles has been
exploited. Amino groups of PANI have been utilized for
the covalent immobilization of glucose oxidase in the near
vicinity of AuNPs. The GOx/PANI-AuNPs/ITO bioelec-
trode based glucose biosensor shows fast response time
of 10 s and detection range of 50–300 mg/dl. Enhanced
activity of the immobilized enzyme (GOx) is reflected by
J. Nanosci. Nanotechnol. 8, 1–6, 2008 5
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smaller Km value of 2.2 mM. Efforts should be made to
utilize this matrix for other biosensors.
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